and HesC. Micro1/pmar1 encodes a transcriptional repressor with a paired-type N-terminal homeodomain and two C-terminal serine-rich repeats, each of which includes a sequence similar to engrailed homology region 1, which interacts with the co-repressor Groucho. To understand the molecular mechanisms of the double-repression gate, we examined the correlation between the structure and function of micro1. Phenotypic and gene expression pattern analyses of embryos injected with mutated micro1 mRNA revealed that micro1 consists of five functional domain and motifs; namely, a DNA-binding homeodomain, a nuclear localization signal in the C-terminal flanking region of the homeodomain, and two eh1-like motifs plus a short C-terminal stretch that together mediate transcriptional repression. Our data suggest that micro1 represses target genes, including hesC, via two redundant means: its eh1-like and C-terminal motifs. The C-terminal motif requires unidentified sequences for micro1 function; a micro1 mutant with the motif but lacking the unidentified sequences failed to trigger the double-repression gate for early micromere regulatory genes, except for delta, though it did repress hesC. Our results suggest that the spatial regulation of primary mesenchyme cell specification genes, including tbr, alx1, and ets1, may be different from that of delta.
Introduction
Micromeres are produced in sea urchin embryos by unequal cleavage at the vegetal pole at the 16-cell stage. Micromeres give rise to skeletogenic cells via primary mesenchyme cells (PMCs) via cell-autonomous mechanisms (Okazaki, 1975) . In addition, micromeres function as an organizing center that produces inductive signals for endomesoderm specification (Hö rstadius, 1973; Ransick and Davidson, 1993) . The gene regulatory network (GRN) underlying micromere specification functions via the transcriptional activation of a paired-like class homeobox gene, micro1/ pmar1, which is activated by nuclear b-catenin Nishimura et al., 2004; Oliveri et al., 2008) . Micro1/pmar1-related genes, PlHbox12, Hpmicro1, Sppmar1, Acmicro1, and Lvpmar1, have been isolated, respectively, from five sea urchins belonging to the order Echinoida: Paracentrotus lividus, Hemicentrotus pulcherrimus, Strongylocentrotus purpuratus, Anthocidaris crassispina, and Lytechinus variegatus (Di Bernardo et al., 1995; Kitamura et al., 2002; Oliveri et al., 2002; Nishimura et al., 2004; Wu and McClay, 2007) . Micro1/pmar1 represents a multicopy gene with polymorphic loci clustered along the Echinoida genome (Nishimura et al., 2004; Sea Urchin Genome Sequencing Consortium, 2006; Ettensohn et al., 2007; Cavalieri et al., 2008) .
These loci control both the differential specification and inducing activity of micromeres. The phenotype of a morpholino-mediated micro1-knockdown mutant is similar to that of micromere-less embryos, with defects in PMC formation and gastrulation (Nishimura et al., 2004) . Conversely, micro1/ Pmar1 overexpression results in cells with a PMC phenotype Nishimura et al., 2004; Wu and McClay, 2007) . In addition, a mesomere expressing Pmar1 or micro1 is able to induce endomesodermal tissues when transplanted to micromere-less hosts or animal cap mesomeres Yamazaki et al., 2005) .
Recently, Revilla-i-Domingo et al. (2007) demonstrated that early regulatory genes for micromere specification are activated via a double-repression gate consisting of two repressors, Pmar1 and HesC, in S. purpuratus embryos. SphesC mRNA is maternally present in eggs, and its zygotic expression begins during cleavage stages, whereas Pmar1 represses hesC in micromere lineage cells during late cleavage stages. Since HesC represses early micromere regulatory genes, including tbr, alx1, ets1, and delta, against ubiquitous activators, the expression patterns of these genes are restricted to micromere descendants. Tbr, alx1, and ets1 are required for skeletogenic cell differentiation, whereas delta encodes an inductive signal evolved from micromere descendants (Kurokawa et al., 1999; Fuchikami et al., 2002; Sweet et al., 2002; Ettensohn et al., 2003) . Translational blockage of SphesC mRNA results in a phenotype similar to that caused by micro1/Pmar1 overexpression, with extra PMC formation and ectopic delta expression (Revilla-i-Domingo et al., 2007) .
All micro1/Pmar1-related proteins include a paired-type N-terminal homeodomain (HD) and two C-terminal serinerich repeats (SRs) (Fig. 1) . Paired-type HDs are unique in forming homodimers or heterodimers at a single palindromic DNA-binding site containing two inverted TAAT sequences without interacting with other domains (Wilson et al., 1993) . Such HDs are classified into three subclasses according to the amino acid at position 50, which may be glutamine (Q 50 ), lysine (K 50 ), or serine (S 50 which includes a P3C site (Wilson et al., 1993) . Although micro1/Pmar1 belongs to subclass Q 50 , it has not been determined whether the cooperative dimerization ability of the variant is responsible for its repressor function. The primary sequence of each SR region includes a sequence similar to that of engrailed homology region 1 (eh1), a short seven-residue motif initially identified as one of the repression regions of Drosophila Engrailed (Smith and Jaynes, 1996) . Eh1 motifs have been identified in transcriptional repressors belonging to several transcription factor families, including the homeobox, forkhead, T-box, and Zinc-finger families (Smith and Jaynes, 1996; Copley, 2005) . This motif mediates transcriptional repression by interacting directly with the co-repressor Groucho in Drosophila Engrailed, Drosophila Goosecoid, vertebrate Nkx, and Drosophila Odd-skipped (Jimé nez et al., 1997 (Jimé nez et al., , 1999 Muhr et al., 2001; Goldstein et al., 2005) . Furthermore, Mailhos et al. (1998) demonstrated that eh1 is required for the dimerization of Drosophila Goosecoid with paired-type homeoproteins.
Despite the functional significance of micro1/Pmar1 for micromere specification, little is known about its domain organization or the mechanism of repression of its target genes, such as hesC. In this study, we examined the structure-function correlation of micro1 in micromere specification using constructs carrying mutations and/or deletions in each of the micro1 domains and regions, including the N-terminal region (N), homeodomain (HD), C-terminal flanking region of the HD (A), first SR region (SR1), C-terminal flanking region (B), second SR region (SR2), and C-terminal region (C) (designated N-HD-A-SR1-B-SR2-C, Fig. 1 ). Based on an analysis of the resulting morphological phenotypes and gene Fig. 1 -A comparison of Hpmicro1D, SpPmar1, PlHbox12, and LvPmar1. Micro1/Pmar1-related proteins contain a paired-type N-terminal HD (black box) and two C-terminal serine-rich repeats (SRs; blue boxes). We tentatively divided micro1 into seven regions (designated N-HD-A-SR1-B-SR2-C), as indicated at the top of the sequences. Identical residues are shown in black, while conserved and unconserved residues are shown in blue and red, respectively. Dashes denote gaps inserted into the alignments. In the HD, single asterisks indicate residues required for cooperative dimerization (positions 28 and 43), whereas double asterices indicate those required for DNA-binding (positions 47, 50, and 51). The nuclear localization signal is in region A (red box). Each SR region contains an eh1-like motif (black bar). The HD sequences are divergent, while the SR regions are somewhat conserved among the micro1/Pmar1 members. The accession numbers are as follows: Hpmicro1D, AB072733; SpPmar1, AF443277; PlHbox12, X83675; and LvPmar1, DQ667003. expression patterns in embryos injected with the mutated micro1 mRNA, we identified five functional micro1 domains/ motifs, including the HD region as a DNA-binding domain, a nuclear localization signal in region A, and two eh1-like motifs and a short C-terminal stretch that mediate transcriptional repression. We propose that micro1 represses target genes, including hesC, using two redundant methods; namely, its eh1-like and C-terminal motifs. Our findings suggest the presence of an additional repressor(s) in the double-repression gate of micromere specification.
Results

Micro1 contains a nuclear localization signal in region A
Classical nuclear localization signals consist of one or two stretches of the basic amino acids lysine or arginine (Dingwall and Laskey, 1991) . Hpmicro1 contains three putative monopartite nuclear localization signals, including KRPPRRR near the N-terminus of the HD, RRSRLRR at the C-terminus of the HD, and RKRKR in region A (Fig. 1 ). To define the nuclear localization signal in micro1, we examined the subcellular localization of wild-type and truncated micro1 by fusing our constructs to green fluorescent protein (GFP). When GFP mRNA alone was injected into eggs, GFP was distributed diffusely throughout each blastomere ( Fig. 2A and B) . In contrast, wild-type micro1-GFP was localized in the nucleus of each blastomere, indicating active nuclear transport ( Fig. 2D and  E) . Similarly, GFP-micro1 lacking the HD accumulated in nuclei ( Fig. 2G and H) , whereas GFP-micro1 lacking region A was distributed uniformly in the blastomeres ( Fig. 2J and K) . Therefore, among three putative nuclear localization signals in micro1, only the one in region A appeared to be functional, which was suggested in SpPmar1 by Oliveri et al. (2002) . Notably, embryos expressing the micro1 variant lacking region A developed excess PMCs, as did embryos expressing wild-type micro1, despite the loss of an active nuclear import sequence (Fig. 2L) . This finding suggests that passive diffusion may be sufficient for micro1 lacking its nuclear localization signal to function in the nucleus in this overexpression assay, although active nuclear import via the nuclear signal is likely required for micro1 to function under physiological conditions.
Characterization of micro1 homeodomain
In normal development, the expression patterns of hesC and early micromere regulatory genes are complementary to one another at the early blastula stage; hesC is expressed in all blastomeres except micromere descendants, whereas tbr and delta are restricted to the presumptive PMC ( Fig. 3B-E ; Fuchikami et al., 2002; Sweet et al., 2002; Revilla-i-Domingo et al., 2007) . Using RT-PCR and whole-mount in situ hybridiza- Fig. 2 -The nuclear localization signal in micro1 is in region A. Approximately 6 pg of mRNA encoding GFP-fused wild-type or truncated micro1 were injected into fertilized eggs. GFP was detected at the 16-to 32-cell stages (A, D, G, and J, 16-32 cell; 6 h) and the very early blastula stage (B, E, H, and K, VEB; 9 h). The phenotypes of the embryos were examined at the mesenchyme blastula stage (C, F, I, and L, mB; 24 h). (A-C) Control embryos injected with GFP mRNA alone. GFP was detected uniformly both in the cytoplasm and nucleus of each blastomere. (D-F) Embryos expressing GFP-fused wild-type micro1. GFP was detected in the nuclei of the blastomeres, which subsequently adopted a PMC phenotype. (G-I) Micro1 lacking the HD fused with GFP was nuclear-localized. Embryos expressing the fusion protein developed normally into mesenchyme blastulae. (J-L) Micro1 lacking region A fused with GFP was distributed uniformly in the blastomeres. Nearly all of the blastomeres in embryos expressing the fusion protein exhibited a PMC phenotype.
tion (WMISH), we confirmed that the early temporal and spatial expression patterns of HphesC were nearly identical to those of SphesC (Supplementary Fig. 1 ). As shown previously, micro1/Pmar1 overexpression resulted almost exclusively in cells with a PMC phenotype ( Fig. 3F ; Oliveri et al., 2002; Nishimura et al., 2004) . In the embryo, hesC expression was down-regulated during the early blastula stage, followed by the global activation of tbr and delta (Fig. 3G-J) . In these embryos, however, a faint ring of hesC expression, encircling the micromere-derived region, was often observed (Fig. 3G ). This expression may be due to hesC up-regulation via the Delta-Notch pathway, as described by Smith and Davidson (2008) .
Embryos overexpressing micro1 lacking the HD developed into normal mesenchyme blastulae with a restricted hesC expression pattern, though the truncated form fused with GFP was localized in nucleus of all blastomeres ( Fig. 2G-I ; Fig. 3U -W, DHD). This shows that the HD is essential for the repressor function of micro1. To characterize the portion of the micro1 HD that is responsible for hesC repression, we analyzed the DNA-binding ability of each mutant version of the micro1 HD. To establish the in vitro dimerization capacity of the micro1 HD, we performed electrophoretic mobility shift assays (EMSAs) using the Xenopus Goosecoid HD as a control. As shown by Wilson et al. (1993) , the Goosecoid HD dimerized with probe P3C (5 0 -TAATCCGATTA-3 0 ) and bound as a monomer to probe P5C (5 0 -TAATCCGCCATTA-3 0 ), but had no affinity for probe P1/2 (5 0 -TAATTG-3 0 ), which is the consensus sequence for the monomeric binding of S 50 -type paired HDs (Fig. 4 , XGsc). In contrast, the wild-type micro1 HD formed dimers with probe P3C, but did not bind the P5C or P1/2 sites (Fig. 4 , wild-type). Wilson et al. (1995) demonstrated that replacement of the residue at position 28 in a paired-type HD with arginine (24 h). The expression pattern of hesC was examined at the early blastula stage (12 h), whereas those of tbr and delta were examined at the swimming blastula stage (18 h). The embryos were examined laterally or vegetally (veg). (A-E) Control embryos. In normal development, hesC was expressed in all blastomeres except the micromere descendants (B and C), while the expression patterns of tbr and delta were restricted to the presumptive PMC (D and E). (F-J) Embryos injected with micro1 wild-type mRNA. Almost all of the blastomeres adopted a PMC fate (F). HesC was globally down-regulated in the embryos (G and H), but a faint ring of expression often remained in the veg 2 descendant (arrowhead in G). In contrast, tbr and delta were activated in all blastomeres (I and J). (K-O) Embryos expressing micro1 with an I28R-substituted HD, which lacks cooperative dimerization ability (see Fig. 4 ). The embryo developed extra PMCs, in which the expression patterns of hesC and the down-stream genes were strongly down-and up-regulated, respectively (L-O). (P-T) Embryos expressing micro1 with a V47A/Q50A/N51A-substituted HD, which lacks DNA-binding ability (see Fig. 4 ). The injected embryos developed normally into mesenchyme blastulae, with near-normal expression patterns of hesC, tbr, and delta (Q-T). (U-W) Embryos expressing micro1 lacking the HD. The embryo developed normally, with a normal hesC expression pattern.
abolishes cooperative homodimerization, whereas Caronia et al. (2003) reported that replacing three residues in the recognition helix with alanine (I47A/Q50A/N51A) in human HoxD13 eliminates its DNA-binding ability. In fact, when examined by EMSA, the I28R-substitution deprived micro1 HD of its dimerization ability, but endowed it with a weak affinity for the three probes, indicating that the substitution altered the DNA-binding specificity of micro1 while abolishing its dimerization capacity (Fig. 4, I28R ). In contrast, the micro1 HD with V47A/Q50A/N51A-substitutions failed to bind to any of the three probes tested (Fig. 4 , V47A/Q50A/ N51A).
Next we injected mRNA encoding full-length micro1 with the substituted HD into fertilized eggs. In embryos expressing micro1 with I28R-HD, nearly all of the cells exhibited a PMC phenotype, with down-regulated hesC expression and global activation of tbr and delta, similar to embryos expressing wild-type micro1 (Fig. 3K-O ). In contrast, overexpression of micro1 with the V47A/Q50A/N51A-HD did not alter early embryonic development or the expression patterns of hesC, tbr, and delta ( Fig. 3P-T) . This suggests that micro1 represses target genes by binding cisregulatory sequences, although there still remains a possibility that the V47A/Q50A/N51A-substitutions affected the stability of micro1. On the other hand, the cooperative dimerization ability of micro1 HD appears to be dispensable for hesC repression.
Each SR region mediates transcriptional repression
To identify the region(s) in micro1 responsible for its repressor function, we prepared constructs encoding a series of truncated micro1 variants by deleting portions of the N-or C-terminus. Deletion of region N did not alter the repressor function of micro1 (Fig. 5, No. 2, HD-A-SR1-B-SR2-C). How- performed. The XGsc HD shifted the free (F) P3C probe to both the monomer (M) and dimer (D) molecular weight positions, and shifted the P5C probe to the monomer position. However, XGsc HD did not shift the P1/2 probe to a higher molecular weight position. The wild-type micro1 HD shifted the P3C probe exclusively to the dimer position, whereas the I28R micro1 HD mutant shifted all three probes to the monomer position, indicating that the substitution abolished the dimerization capacity of the micro1 HD on probe P3C and altered its DNA-binding specificity. The micro1 HD containing alanine in place of valine, glutamine, and asparagine at positions 47, 50, and 51 (V47A/Q50A/ N51A) did not shift any of the probes. ever, sequential deletions from the C-terminus revealed that SR1 contains a repressor sequence of micro1. Deletion from the C-terminus to region B did not affect micro1 repressor function; overexpression of this truncated variant induced a PMC phenotype and global hesC repression, as well as the ectopic activation of tbr and delta (Fig. 5, No. 4; Fig. 6 , N-HD-A-SR1). In contrast, the additional deletion of the SR1 region completely abolished the repressor function of micro1; embryos expressing the truncated form developed normally (Fig. 5, No. 5 , N-HD-A). Because micro1 contains two SR regions, we next asked whether the SR2 region also mediates transcriptional Fig. 6 -Micro1 represses hesC via two redundant means: eh1-like motifs in the SR regions and a C-terminal motif. Embryos expressing the micro1 mutants were observed at the mesenchyme blastula stage (24 h). The expression pattern of hesC was analyzed at the early blastula stage (12 h; vegetal views), whereas those of tbr and delta were observed during the swimming blastula stage (18 h; lateral views). The names of the constructs are indicated on the left; the number in parentheses corresponds to that in Fig. 5 . In all embryos overexpressing mutant micro1 with PMC fate-conversion activity (Nos. 4, 10, 14, and 15), hesC was down-regulated, whereas tbr and delta were globally activated. In contrast, the expression patterns in embryos expressing mutant micro1 lacking PMC fate-conversion activity (Nos. 8, 13, and 16) were unaffected. Curiously, the overexpression of N-HD-A-C (No. 20) repressed hesC expression and activated ectopic delta expression, but did not activate tbr expression globally.
repression, and we examined the minimal unit required for micro1 function. We generated constructs encoding the N and HD regions (N-HD) plus several combinations of the Cterminal regions. Our overexpression data revealed that a minimal functional micro1 unit consists of the N-terminal region (N-HD) plus the B and SR2 regions (N-HD-B-SR2). When expressed in embryos, this minimal unit mimicked full-length micro1 with regard to the resulting embryonic phenotypes and gene expression patterns (Fig. 5, No. 10 ; Fig. 6, N-HD-B-SR2 ). Deletion of region B from this unit disrupted the function that produced these phenotypes and transcriptional patterns (Fig. 5, No. 8; Fig. 6, N-HD-SR2) .
Regions A and B possess little sequence similarity; thus, either of these regions may act as a spacer between the HD and SR region. To test this possibility, we inserted five residues between the HD and SR2 region, using GGGGS as a simple spacer (N-HD-S5-SR2; Martin et al., 1996) or ATSPL from the C-terminal end of region B (N-HD-B5-SR2). The former sequence abolished micro1's repressor function, whereas the latter rescued that function when expressed in embryos (Fig. 5, Nos. 12 and 11, respectively) . From these data, we conclude that region B acts not as a spacer but as a functional component of SR2 in the minimal unit.
2.4.
Eh1-like motif is critical for micro1 function
Analyses of the structure-function correlation of micro1 showed that SR regions are responsible for micro1 function. We next addressed whether the eh1-like motif in the SR region mediates transcriptional repression. The replacement of phenylalanine with glutamic acid at the N-terminal end of the eh1 motif deprives Drosophila Engrailed and Danio Dharma/Bozozok of their repression activities (Smith and Jaynes, 1996; Shimizu et al., 2002) . Therefore, we introduced this mutation into the minimal unit of micro1, to create N-HD-B-SR2* (i.e., we replaced the methionine at the N-terminal end of the eh1-like motif in the SR2 region with glutamic acid). The replacement completely abolished the repressor function of micro1; embryos expressing N-HD-B-SR2* did not generate excess PMCs or show altered expression patterns of micro1-down-stream genes (Fig. 5, No. 13; Fig. 6 , N-HD-B-SR2*). Smith and Jaynes (1996) demonstrated that the mutation of the eh1 motif does not reduce either protein expression levels or stability. Furthermore, in this study, a micro1 variant with the replacements in both eh1-like motifs, N-HD-A-SR1*-B-SR2*-CD7aa, was expressed in a comparable level to wild-type micro1 (see below, Fig. 7 ). These observations led us to conclude that the eh1-like motif is crucial for the repressor function of micro1 minimal functional unit, N-HD-B-SR2. We suggest that micro1 represses its target genes by recruiting co-repressors, like Groucho, probably via two eh1-like motifs.
2.5.
The C-terminal stretch mediates hesC repression independent of eh1-like motifs
We determined that the eh1-like motif was critical for maintaining the repressor function of a minimal functional unit of micro1. Thus, we expected that micro1 with mutated eh1-like motifs or micro1 lacking both SR regions would fail to repress its target genes. Unexpectedly, however, both mutant forms retained micro1 repressor function. When each mutant micro1 was expressed in embryos, the blastomeres displayed a PMC phenotype, and the expression levels of hesC and tbr/delta were down-and up-regulated, respectively (Fig. 5 , Nos. 14 and 15; Fig. 6 , N-HD-A-SR1*-B-SR2*-C and N-HD-A-B-C). This suggests that micro1 includes another repression domain/motif in addition to its two eh1-like motifs. Indeed, deletion of region C from micro1 with the mutated eh1-like motifs abolished micro1's repressor ability, including its capacity to repress hesC (Fig. 5, No. 16; Fig. 6 , N-HD-A-SR1*-B-SR2*). Because the C-terminal sequences are well conserved among micro1/Pmar1 members (Fig. 1) , we deleted the C-terminal-most seven residues from micro1 with the mutated eh1-like motifs. The truncated form (N-HD-A-SR1*-B-SR2*-CD7aa) was no longer functional (Fig. 5, No. 17) . Since motifs similar to the C-terminal sequence of micro1 have not been reported in transcriptional repressors, it was still uncertain whether the C-terminal sequence is required for transcriptional repression or for stability of micro1 protein, i.e., loss of the sequence may induce rapid turn-over of micro1 protein. To settle the concern, we made a construct encoding the micro1 variant fused with GFP, N-HD-A-SR1*-B-SR2*-CD7aa-GFP, and compared the expression level with that of wild-type micro1-GFP. When expressed in embryos, the micro1 variant-GFP was localized in nucleus of all blastomeres thoughout the early cleavage to mesenchyme blastula stages (Fig. 7A-C) . Intensity of the GFP signal was comparable to, or even higher than that of wild-type micro1-GFP with an equivalent dose (Fig. 7D) . Subsequently, embryos expressing wild-type micro1-GFP developed excess PMCs, whereas those expressing the micro1 variant-GFP Embryos expressing wild-type micro1-GFP (left) and those expressing N-HD-A-SR1*-B-SR2*-CD7aa-GFP (right) at the very early blastula stage. Signal intensity of the micro1 variant-GFP was equivalent to, or even higher than that of wild-type micro1-GFP (D). Subsequently, embryos expressing wild-type micro1-GFP developed excess PMCs, whereas those expressing the variant-GFP did normally into mesenchyme blastulae (E).
developed normally into mesenchyme blastulae (Fig. 7E) . Based on these observations, we concluded that micro1 includes two distinct motifs that mediate hesC repression, the eh1-like and C-terminal motifs.
As described above, full-length micro1 with the I28R-substituted HD lacked the capacity for dimerization but retained the ability to alter PMC fate (Fig. 3K-O) . Since micro1 appears to repress hesC via two distinct motifs, it is possible that the ability to dimerize is required for either of the two supposed repression mechanisms. Accordingly, we introduced a mutation that prevents the dimerization ability of the micro1 HD into a minimal functional unit with an eh1-like motif (N-HD-B-SR2) and SR-deleted micro1 with only region C intact (N-HD-A-B-C). However, both mutants (N-HD[I28R]-B-SR2 and N-HD[I28R]-A-B-C) retained their capacity for repression (Fig. 5, Nos. 18 and 19 ). Based on these data, we conclude that dimerization via the HD is dispensable for micro1 repressor function, at least as examined in our overexpression assays.
2.6.
The C-terminal motif requires unidentified sequences for PMC fate-conversion activity, but can mediate hesC repression and delta activation in the absence of these unknown sequences
We showed that the C-terminus, especially the C-terminal motif, is involved in hesC repression, independent of its eh1-like motifs. However, region C required regions A and B to exert micro1 function. The deletion of either region, such as in the mutant version of N-HD-A-C or N-HD-B-C, abolished PMC fate-conversion activity (Fig. 5, Nos. 20 and 21) . Most embryos expressing a variant form of N-HD-A-C produced 60 PMCs as control embryos at the late mesenchyme blastula stage, although 10% of the embryos in some limited batches produced 70-80 PMCs. Instead, most of the embryos formed enlarged guts and developed into exogastrulae. Surprisingly, in the embryos, expressions of hesC and delta were globally down-and up-regulated, respectively. In comparison, tbr expression was largely restricted to the micromere descendant, although a limited region of the veg 2 descendant appeared to express tbr ectopically (Fig. 6, N-HD-A-C) .
In the current version of the micromere GRN model, HesC represses seven genes: delta, tbr, alx1, ets1, tel, soxC, and a gene encoding an unidentified early signal (Oliveri et al., 2008 ; http:// sugp.caltech.edu/endomes/, Endomesoderm Network: View From All Nuclei, February 26, 2009). To examine whether a variant of N-HD-A-C can activate HesC-down-stream genes other than tbr, we compared the expression patterns of alx1 and ets1 in embryos expressing wild-type micro1 with those in embryos expressing mutated micro1, including the N-HD-A-C variant (Fig. 8) . We confirmed that the spatial expression patterns of Hpets1 and Hpalx1 were nearly identical to those of orthologs from other sea urchin species (data not shown; Ettensohn et al., 2003; Rö ttinger et al., 2003; Rizzo et al., 2006) . The embryos expressing wild-type or mutant micro1 possessing PMC fateconversion activity showed global activation of alx1 and ets1 (Fig. 8E-H, micro1 wild-type; Fig. 8I-M, N-HD-A-SR1 ; Fig. 8Q -T, N-HD-B-SR2; Fig. 8U -X, N-HD-A-SR1*-B-SR2*-C). In contrast, in embryos expressing mutant micro1 lacking PMC fate-conversion activity, the expression patterns of the genes were restricted to the presumptive PMC, together with tbr and delta ( Fig. 8L-P, N-HD-SR2 ; Fig. 8Y -b, N-HD-A-SR1*-B-SR2*). In comparison, in embryos expressing the N-HD-A-C variant, alx1 and ets1 expression were restricted to the micromere descendant plus a part of the veg 2 descendant, similar to tbr, but unlike delta, in spite of global hesC down-regulation (Fig.  8c-f, N-HD-A-C) . These observations suggest that the spatial regulation of PMC specification genes tbr, alx1, and ets1 may be different from that of delta.
Discussion
The micromere GRN in sea urchin embryos is one of the best-studied developmental GRNs, in which early regulatory genes for micromere specification are activated via a double-repression gate consisting of two repressors, micro1/ Pmar1 and HesC Revilla-i-Domingo et al., 2007; Oliveri et al., 2008) . To understand molecular mechanisms of the double-repression gate, we dissected and/or mutated micro1 and identified several domain/motifs required for its repressor function. Furthermore, our data suggests that the spatial regulation of PMC specification genes may be different from that of delta.
The homeodomain of micro1
The HD sequence in micro1/Pmar1-related proteins varies among species and even within species. Since deletion of the HD from wild-type micro1 (Fig. 3U-W) or residue substitutions of the HD that deprived micro1 of its DNA-binding ability ( Fig. 3P-T; Fig. 4 , V47A/Q50A/N51A) abolished its hesC repression activity, micro1 is considered to repress target genes by binding their cis-regulatory sequences. However, the HD of micro1 appears to recognize relatively loose consensus sequences, because substitutions that alter the binding specificity (I28R and Q50K) did not affect the hesC repression activity of micro1 (I28R in Figs. 3 and 4 ; Q50K, data not shown). Alternatively, there are likely a number of cis-regulatory elements in the promoter regions of the target genes, since the HD sequence in micro1/Pmar1-related proteins can vary within a species, and since fate-conversion to a PMC phenotype occurs in an interspecific manner via micro1/ Pmar1 overexpression ( Supplementary Fig. 2 ). In contrast, cooperative dimerization ability of micro1 HD appeared to be dispensable for hesC repression via either the eh1-like or C-terminal motif ( Fig. 3K-O; Fig. 4, I28R; Fig. 5 , Nos. 18 and 19). Under physiological conditions, however, the cooperative dimerization of micro1 may be involved in or even essential to its repressor function, since the ability of rat Cart1 increases transactivational efficiency (Furukawa et al., 2002) . Further analysis of the cis-regulatory elements in hesC is necessary to obtain a precise understanding of the molecular mechanisms of the double-repression gate.
Spatial regulation of PMC specification genes may be different from that of delta in micromere GRN
We demonstrated that micro1 represses target genes, including hesC, via two redundant means: its eh1-like and C-terminal motifs. The C-terminal motif required unidentified sequences for micro1 function; a micro1 variant with this motif but lacking the unidentified sequences, i.e., a N-HD-A-C variant, was able to repress hesC and induce ectopic delta expression, but failed to activate PMC specification genes globally (Figs. 6 and 8, N-HD-A-C) . This observation suggests that the spatial regulation of PMC specification genes, tbr, alx1, and ets1, may be different from that of delta. Although Revilla-i-Domingo et al. (2007) demonstrated by quantitative PCR that in hesC-knockdown embryos, alx1, tbr, and ets1 are up-regulated at the blastula stage, their spatial expression patterns are uncertain. In S. purpuratus embryos, the expression of alx1 starts by the 56-cell stage, when hesC appears to be still expressed in the micromere lineage (Ettensohn et al., 2003; Revilla-i-Domingo et al., 2007) . On the other hand, Ochiai et al. (2008) demonstrated that, in the cis-regulatory region of Hptbr, there are multiple putative DNA-binding sites for transcriptional repressors, including those in the Hairy and Fig. 8 -The N-HD-A-C form of micro1, which repressed hesC, did not activate alx1 or ets1 globally. The expression patterns of alx1 and ets1 were examined at the swimming blastula stage (18 h). The construct names are indicated on the left; the number in parentheses corresponds to that given in Fig. 5 . The embryos were examined laterally or vegetally (veg). (A-D) Control embryos. In normal embryos, alx1 and ets1 were expressed in presumptive PMCs. In embryos expressing wild-type micro1 (No. 1) or a mutant form with PMC-conversion activity (Nos. 4, 10, and 14), alx1 and ets1 were activated globally (E-H, I-M, Q-T, and U-X). In contrast, embryos expressing mutant micro1 lacking PMC-conversion activity (Nos. 8 and 16) showed expression only in the presumptive PMC (L-P and Y-b). In comparison, in embryos expressing an N-HD-A-C variant, the expression of alx1 and ets1 was restricted to the micromere descendant plus a limited region of the veg 2 descendant (No. 20; Q-T), though this variant repressed hesC globally (see Fig. 6 ).
Snail families, and that the deletion or mutation of either the Hairy or Snail DNA-binding site induces ectopic tbr expression, suggesting that the tbr expression domain is not restricted by HesC alone. Together with the results, we propose the presence of an additional regulator(s) that restricts the spatial expression domain of PMC specification genes in the micromere GRN. Fig. 9 shows a hypothetical double-repression gate for micromere specification. Our data suggest that there may be a regulator 'R' in addition to HesC that represses early micromere regulatory genes, including tbr, alx1, and ets1, but not delta. The micro1 sequence includes two motif types (the eh1-like and C-terminal motifs), either of which can mediate the repression of hesC and 'R'. The eh1-like motif requires several residues that flank the N-terminus of the motif to facilitate full repression (see Fig. 5, No. 11) . On the other hand, the C-terminal motif requires unidentified sequences spanning regions A and B. We hypothesize that micro1 lacking these unidentified sequences but possessing the C-terminal motif fails to repress 'R', but still mediates hesC repression, thereby inducing ectopic activation of delta (see Figs. 6 and 8, . Since the macromere descendants exhibit a PMC phenotype in SphesC-knockdown embryos (Revilla-i-Domingo et al., 2007) , 'R' may be repressed by an unknown mechanism(s) in the macromere-lineage, or may be activated exclusively in non-vegetal domains in normal development. In embryos expressing a N-HD-A-C variant, a ring of hesC expression remained in the macromere-lineage (Fig. 6, N-HD-A-C) , which may restrain PMC fate-conversion in most of these cells. In contrast, morpholino-mediated SphesC-knockdown should block translation of the up-regulated transcription in the macromere-lineage; the translational block may induce excess PMCs and up-regulation of PMC specification genes. Since our hypothetical model solely depends on expression patterns of PMC specification genes in embryos overexpressing a micro1 variant, N-HD-A-C, further analyses are required to reconcile discrepant expression patterns of PMC specification genes induced by morpholino-mediated hesC-knockdown with those by a micro1 variant overexpression.
The repression mechanism mediated via the C-terminal motif is unknown. However, it is plausible that the C-terminal motif mediates repression via a mechanism distinct from that involving the eh1-like motif, since regions A-C do not contain motifs known to interact with Groucho, including the eh1 and 'WRPW' motifs (Paroush et al., 1994) , and the C-terminal sequence appears to be unique to micro1/Pmar1-related proteins. Additional studies to elucidate the molecular mechanisms of the C-terminal motif-mediated repressive function of micro1 and to identify a putative regulator(s) that represses PMC specification genes are necessary to reveal the details of the double-repression gate for micromere specification.
4.
Experimental procedures
Animals and embryos
Adult H. pulcherrimus were collected near Kanazawa University's Noto Marine Laboratory, Ochanomizu University's Tateyama Marine Laboratory, or Tohoku University's Research Center for Marine Biology. Adult Temnopleurus toreumaticus were harvested near Kanazawa University's Noto Marine Laboratory. Gametes were obtained via the intracoelomic injection of 0.5 M KCl. The embryos were cultured at 15°C for H. pulcherrimus and 24°C for T. toreumaticus in Jamarin U artificial seawater (Jamarin Laboratory).
4.2.
Preparation of the constructs used for in vitro transcription pBluescript RN3 0 (Nishimura et al., 2004 ) was used as the basis for our expression constructs. All micro1-containing constructs were derived from Hpmicro1D cDNA cloned into RN3 0 . To prepare truncated micro1, fragments containing partial micro1 cDNA and RN3 0 sequences were amplified by inverted PCR using KOD Plus DNA Polymerase (Toyobo) and self-ligated. The primers used were as follows: DHD-micro1-forward, 5 0 -CTTGTTCCAAACTCTG
The introduction of point mutations or the simple spacer GGGGS was achieved by site-directed mutagenesis using the overlap extension method (Ho et al., 1989) with the following primers: micro1-I28R-forward, 5
0 -ATCCTGGTAGAACTACT AGA-3 0 ; micro1-I28R-reverse, 5 0 -TCTAGTAGTTCTACCAGGAT Fig. 9 -A hypothetical model of the molecular mechanisms of micromere specification, from micro1/Pmar1 to early micromere regulatory genes. Our results suggest the presence of a regulator ('R') in addition to HesC that may repress tbr, alx1, and ets1, but not delta. Micro1 includes two motif types, an eh1-like motif (eh1-like) in the SR regions and a C-terminal motif (C-term), both of which can mediate the repression of hesC and 'R'. The C-terminal motif requires unidentified sequences to repress 'R'; when lacking these sequences, the motif fails to repress 'R', but it still mediates hesC repression, which in turn induces ectopic delta expression. 
Synthesis and microinjection of the mRNAs
Capped RNA was transcribed from linearized template plasmids using an mMessage mMachine T3 Kit (Ambion) following the manufacturer's protocol. Each sample was diluted to 0.01-0.6 pg/pl in 20-40% glycerol; 5 pl of each solution was injected into fertilized eggs as described by Gan et al. (1990) .
EMSA
To produce His-tagged micro1 or Xenopus Goosecoid (Cho et al., 1991) containing the HD plus 17 N-terminal flanking residues and four C-terminal flanking residues, cDNA fragments encoding each peptide were PCR-amplified and cloned into the NdeI and BamHI sites of the multicloning region in pET28a (Novagen). The primers used were: micro1-NdeI-forward, 5 0 -CACCATATGTACACCATGATCACTCAAGTT-3 0 ; micro1-BamHIreverse, 5 0 -CACGGATCCTAAGTTTGGAACAAGAGAGGC-3 0 ;
Xgsc-NdeI-forward, 5 0 -CACCATATGACTTTGTCCAGGACTGAGC TG-3 0 ; and Xgsc-BamHI-reverse, 5 0 -CACGGATCCTTATGATGAAG ATCTTTTCTG-3 0 . The proteins were expressed in E. coli BL21co-don+ cells (Stratagene); the cells were grown at 37°C to an A600 of 1.0, followed by induction with 0.1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 2 h. The cells were lysed via sonication, and the His-tagged micro1 and Goosecoid HD peptides were purified over a Ni-NTA column (Novagen) in binding buffer (40 mM Tris-HCl, pH 7.5, 200 mM KCl, 5 mM EDTA, 10 mM imidazole, 1 mM PMSF, and 1 mM DTT). The proteins were then eluted with binding buffer containing 100 mM imidazole. The EMSAs were conducted according to the method of Wilson et al. (1993) , including the design and labeling of the DNA probes. For the protein-DNA-binding reactions, the concentrations of labeled DNA and protein were 150 and 200 nM, respectively.
Cloning of Hpalx1
The following primers, complementary to the coding sequence of Spalx1 (AY277399), which is relatively conserved between L. variegatus (AY277400) and P. lividus (DQ536192), were designed: alx1-forward, 5
0 -CCAGCCAGAACAAAGATAT-GA-3 0 ; and alx1-reverse, 5 0 -GATGCTGTTAGTACGTCGAT-3 0 .
The partial cDNA fragment of Hpalx1 was amplified by PCR using KOD FX DNA Polymerase (Toyobo) from early blastula stage cDNA and cloned into pTA2 (TArget Clone; Toyobo). The cloned sequence has been deposited in the DNA Data Bank of Japan (DDBJ) as Hpalx1 (Accession No. AB485631).
WMISH
WMISH was performed according to the method of Minokawa et al. (2004) . Digoxigenin (DIG)-labeled RNA probes were synthesized using T3 or T7 RNA Polymerases (Roche) with a DIG RNA Labeling Mix (Roche). The following genes were used as probes: HphesC (Shoguchi et al., 2002) , HpTb (Fuchikami et al., 2002) , Hpdelta (Yamazaki et al., 2005) , HpEts (Kurokawa et al., 1999) , and Hpalx1.
Semi-quantitative RT-PCR analysis
To estimate the temporal expression patterns of HphesC during early development, we synthesized cDNA from total RNA using SuperScript III RT (Invitrogen) according to the manufacturer's instructions. We next performed PCR using the FastStart High Fidelity PCR System (Roche) with the cDNA derived from 1 ng of total RNA per reaction. Mitochondrial cytochrome C oxidase subunit 1 (mitCO1) was included as a control (Kitamura et al., 2002) . The following primers were used: HphesC-forward, 5 0 -CCTAGGACTGCAAAGC-3 0 ; HphesC-reverse, for HphesC and 25 for HpmitCO1.
